Recalling happy memories elicits positive feelings and enhances one's wellbeing, suggesting a potential adaptive function in using this strategy for coping with stress. In two studies, we explored whether recalling autobiographical memories that have a positive content-that is, remembering the good times-can dampen the hypothalamic-pituitary-adrenal axis stress response. Participants underwent an acute stressor or control task followed by autobiographical memory recollection (of only positive or neutral valence). Across both studies, recalling positive, but not neutral, memories resulted in a dampened cortisol rise and reduced negative affect. Further, individuals with greater self-reported resiliency showed enhanced mood, despite stress exposure. During positive reminiscence, we observed engagement of corticostriatal circuits previously implicated in reward processing and emotion regulation, and stronger connectivity between ventrolateral and dorsolateral prefrontal cortices as a function of positivity. These findings highlight the restorative and protective function of self-generated positive emotions via memory recall in the face of stress.
A cute stress can leave us feeling anxious and distressed, with detrimental consequences for our physical and mental health 1 . We often use cognitive regulation strategies to suppress these unpleasant feelings altogether (for example, suppression) or to reinterpret the negative situation as something less negative or neutral (for example, cognitive reappraisal) 2 . Despite our best efforts, however, we are not always successful in diminishing unpleasant feelings when using cognitive strategies under stress 3 . This may not be surprising considering that stress is thought to compromise the exact neural circuitry that emotion regulation relies on 4 . Thus, a promising alternative may be to focus on increasing or sustaining positive feelings-a strategy that broadens one's cognitive perspective 5 , and which may foster improved ability to cope with a stressor.
One way of bolstering positive emotions is to reminisce about past positive events. Autobiographical memories can bring back emotions tied to the original experience 6 . Retrieving positive memories in particular may be intrinsically valuable, as they rekindle pleasant feelings and engage neural circuitry involved in reward processing, such as the striatum 7 . Such striatal activity correlates with selfreported adaptation to stress (for instance, resiliency) and enhanced mood for some individuals, which is consistent with a role for corticostriatal circuits in sustaining positive mood 8, 9 . Thus, savouring happy memories might be significant for one's ability to cope with stress, potentially promoting better decision-making and wellbeing.
A critical question remains whether recalling the positive past can facilitate successful resiliency. Experiencing stress activates the hypothalamic-pituitary-adrenal (HPA) axis, which releases a cascade of hormones, including the primary stress hormone cortisol 10 . A heightened cortisol response to stress has deleterious effects on affective and cognitive states, disrupting processes supported by the prefrontal cortex, such as working memory 11 and decisionmaking 12, 13 . Acute stress is also thought to be a precursor to depressive episodes 14 and may influence reward systems 15 . Individuals vary widely with respect to the psychological resources they have and the strategies they implement for coping with acute stressors 16 . Cognitive regulation strategies such as reappraisal, which are typically effective for diminishing the negative affect elicited by images 17 or conditioned stimuli 18 , are often rendered ineffective after exposure to stress 3 , highlighting a need for alternative ways to combat stress. The present study investigates one potential mechanism: remembering the good times. That is, can simply reminiscing about our own positive memories help diminish the physiological and emotional consequences of stress exposure? Furthermore, we examine the neural mechanisms underlying our ability to buffer the effects of stress by recalling the positive past.
We explored this idea first behaviourally (n = 134) and then using functional magnetic resonance imaging (fMRI; n = 43). In the behavioural study, we exposed participants to an acute stressor or control task before autobiographical memory recollection. Half of the sample reminisced about positive memories, while the other half reminisced about neutral memories. This created four experimental groups: stress-positive (n = 33), stress-neutral (n = 34), control-positive (n = 33) and control-neutral (n = 34; see Fig. 1 for timeline). Stress participants underwent the socially evaluative cold pressor task (SECPT), which involved immersing their hand in icecold water under social threat 19 . This reliably activates the HPA axis, producing elevated cortisol levels about 15 min after the stressor 10 .
To assess physiological changes as a response to stress over time, salivary cortisol was collected at baseline (s1), after memory recollection when cortisol was expected to peak (s2; + 20 min) and at the conclusion of the experiment when cortisol was expected to recover (s3; + 50 min). We hypothesised that recalling positive memories, relative to neutral memories, would buffer the negative effects of stress by (1) decreasing the cortisol response and (2) having a positive effect on mood.
We then investigated the neural correlates underlying the stressbuffering effects of positive autobiographical memory retrieval. The fMRI study was nearly identical in terms of design to the behavioural study (see Methods), with the goal of comparing two groups exposed to stress that underwent different memory treatments (stress-positive, n = 22; stress-neutral, n = 21). We hypothesised that reminiscing about the positive past would recruit regions previously associated with positive emotion during memory recall (for example, the striatum Recalling the positive past influences mood after stress exposure. Given that individuals in the stress-positive group showed a dampened cortisol response, a critical question we sought to answer was whether recalling positive memories would also have a positive effect on mood, despite stress exposure. We assessed mood before and after memory recollection using the positive and negative affect schedule (PANAS) 22 . For negative affect, we observed a significant valence (positive/ neutral) by condition (stress/control) interaction for post-recall negative affect (F 1,130 = 5.53, P = 0.04). The stress-positive group reported lower negative affect after memory recollection than the stress-neutral group (M stress-positive = 14.48, s.d. = 4.12; M stress-neutral = 17.06, s.d. = 6.88; t 65 = − 1.68, P = 0.069), which was trending but did not reach statistical significance.
Although there were no significant group differences for positive affect, we observed individual differences within the stress-positive group, such that generating greater positive feelings during recollection was associated with enhanced mood (correlation coefficient r 32 = 0.34, P = 0.05). In our previous study 7 , the strength of striatal activation while recalling positive memories was positively correlated with self-reported resiliency.
Results
Behavioural study. Autobiographical memory recollection. During the cued autobiographical memory recall task, 134 healthy adults (44 males; mean age = 20.8, s.d. = 4.2) reminisced about 24 real memories from their past prompted by common life event cues (for example, family vacation) 7 . Event cues were selected to be either positive (for example, visiting Disneyland) or neutral (for example, packing for a trip) in valence, depending on random group assignment, and were validated in a session three days before the study took place. On each trial, participants had 14 seconds to reminisce about the chosen memory and made button presses to indicate the onset and duration of recollection. For each memory, they gave subjective emotion ratings in terms of feeling (for instance, how they felt when they recalled the memory) and emotional intensity (for instance, how intense their particular memory was).
As expected, individuals who reminisced about positive memories experienced greater positive feeling (F statistic from ANOVA F 1,130 = 422.08, P< 0.001) and emotional intensity (F 1,130 = 202.39, P < 0.001) than individuals who reminisced about neutral memories, regardless of stress or control condition. Although individuals who recalled positive memories rated their memories as being higher in emotional intensity based on subjective ratings, there were no differences in skin conductance responses (SCRs) across the groups (P > 0.32), suggesting that individuals had similar levels of sympathetic nervous system arousal during recollection, and group differences cannot merely be explained by arousal. There were also no differences in memory onset (P > 0.17) or recall duration (P > 0.31) across groups, indicating that neither the memory valence nor the condition (stress versus control) influenced difficulty in recall.
Recalling the positive past dampens cortisol response after stress exposure. To confirm that our stress manipulation (the SECPT) 19 was effective in inducing acute stress, we measured participants' skin conductance levels (SCLs) as an indicator of sympathetic nervous system arousal. Stressed participants had greater skin conductance (t 125 = 2.06, P = 0.042), and reported greater subjective ratings of stress afterwards (t 132 = 13.70, P < 0.001) compared with control participants (Supplementary Fig 1) .
Next, we observed changes in cortisol over time between stress and control conditions ( Fig. 2a ; individual data points are reported for better visualisation of the data). Specifically, we calculated the area under the curve with respect to increases from baseline (AUC I ) for each participant using the trapezoidal method. We selected AUC I as our measure because it takes into account both time-related changes and overall intensity of the cortisol response A test for group differences in AUC I was conducted to examine the hypothesis that recalling positive memories, but not neutral memories, would dampen the typical rise in cortisol after stress exposure. This analysis was necessary to confirm that our main effect of valence for AUC I was not simply driven by differences between control-positive and control-neutral groups. In line with our prediction, AUC I for the stress-positive group was significantly smaller than for the stress-neutral group (M stress-positive = − 0.67, s.d. = 4.70; M stress-neutral = 2.14, s.d. = 6.20; t 65 = − 2.09, P = 0.041, standardized effect size d = 0.52, 95% confidence interval {0.1196 to 5.5004}; Fig. 2b ). . Salivary samples were collected immediately before the stress or control procedure (s1, baseline), after memory recollection when cortisol was expected to peak (s2, peak, + 20 min) and at the conclusion of the experiment when cortisol was expected to recover (s3, recovery, + 50 min).
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This motivated the idea that resilient individuals who have greater adaptation to stress might be better able to use positive memories to increase positive feelings during recollection, in turn making them more successful in boosting their overall mood, even under stress. We explored the possibility that resiliency mediates the relation between positive emotion generated during recollection and enhanced mood after recollection using a mediation model (Fig. 3) . For stress-positive individuals, greater self-reported resiliency was associated with both greater positive emotion during memory recollection (Fig. 3a) and enhanced positive mood afterwards (Fig. 3b) . To test whether self-reported resiliency was a mediator in this relationship, we conducted a bootstrapping analysis based on 5,000 bootstrapped samples 23 . The total effect of emotion during recall on mood after recall was significant (path c: beta coefficient B = 6.53, s.e. = 3.28, t 32 = 2.00, P = 0.05), but this relation was no longer significant when controlling for resiliency (direct effect, path c′ : B = 2.76, s.e. = 3.41, t 32 = 0.81, P = 0.42; Fig. 3c ). Further, the indirect effect of emotion during recall (through resiliency) on subsequent mood was significant, indicating full mediation (B = 3.73, s.e. = 2.34, bias corrected bootstrapping 95% confidence interval {0.04 to 8.98}; see Supplementary Information for an alternative model). An important consideration is that baseline positive emotion did not differ between high and low resiliency individuals (M high-res = 30.4, s.d. = 7.43; M low-res = 27.6, s.d. = 5.89; t 20 = 1.22, P = 0.233) and thus does not account for the finding. In summary, our results demonstrate that, for stress-positive individuals, positive emotion during memory recall related to greater resilience, which in turn related to better mood. fMRI study. Our behavioural findings highlight the restorative nature of positive autobiographical memory recollection under stress. We have demonstrated that reminiscing about positive memories, but not neutral memories, leads to a dampened rise in cortisol and lower levels of negative affect, instead of the heightened response characteristic of stress. Next, we sought to identify the neural mechanisms through which stress buffering via positive memory recollection occurs. Given that recalling happy memories increases positive feelings and striatal activity 7 and may serve emotion regulatory functions as per our behavioural study, we hypothesised that such mechanisms include corticostriatal systems involved in positive mood 9 and emotion regulation 24 .
To test this hypothesis, we conducted an fMRI study that mirrored our behavioural design focused on the stress-positive and stress-neutral groups.
A new cohort of participants (n = 43) underwent an acute stress procedure (the SECPT) before fMRI scanning (see Supplementary 41 = 4.89, P < 0.001) than the stress-neutral group, with no differences in memory onset or recall duration between groups (P > 0.68 for both).
Of particular significance, our cortisol results in the fMRI study replicated the behavioural study. Specifically, individuals who recalled positive memories had a smaller AUC I cortisol response than individuals who recalled neutral memories (M stress-positive = 2.23, s.d. = 6.25; M stress-neutral = 6.69, s.d. = 7.10; t 41 = − 2.19, P = 0.035, d = 0.68, 95% confidence interval {0.3454 to 8.5746}; Fig. 4a,b) . Consistent with the behavioural study, this occurred even though the two stress groups did not differ in subjective ratings of stress or SCLs during the stress procedure (P > 0.37 for both). In the context of mood, stress-positive individuals reported less negative affect after memory recall than stress-neutral individuals (M stress-positive = 11.91, s.d. = 2.11; M stress-neutral = 14.90, s.d. = 6.01; t 41 = − 2.20, P = 0.033). 
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Reminiscing about positive memories to combat stress recruits regions associated with emotion regulation. To examine the neural mechanisms associated with the dampening of the stress response via positive memory recollection, we conducted a random-effects whole-brain general linear model (GLM), which focused on the time of memory recall for stress-positive individuals. Since we hypothesised that enhancing positive emotion may be critical for reducing the stress response, we included trial-by-trial feeling ratings as a parametric modulator of memory recollection.
We tested for regions where activity increased linearly as feeling ratings increased, resulting in a statistical map set to an initial threshold of P < 0.001 (as suggested by Eklund and colleagues 25 ) and corrected to a whole-brain cluster correction of P < 0.01 (using 216 mm 3 , as determined by BrainVoyager's cluster-level threshold plugin 26 ). This parametric regression analysis of feeling identified regions being modulated by increases in subjective feeling ratings during memory recall for stress-positive individuals ( Fig. 5a and Supplementary Table 1) . Notably, these included prefrontal regions previously implicated in cognitive control and emotion regulation, such as the ventrolateral prefrontal cortex (vlPFC) bilaterally 17 , and corticostriatal regions associated with reward processing, such as the right ventral striatum and medial prefrontal cortex (mPFC) 27, 28 . The same analysis in the stress-neutral group yielded no significant clusters. As a complementary analysis, we also examined feelings as a parametric modulator during memory recall, contrasting the stress-positive group relative to the stress-neutral group. This revealed that the right vlPFC (same peak coordinates as previous analysis) and the left dorsolateral prefrontal cortex (dlPFC) were modulated by increases in subjective feeling ratings during recall for those who reminisced about positive, but not neutral, memories (Supplementary Table 2 ).
vlPFC-dlPFC connectivity tracks positive feelings during memory recall. Our finding that recalling positive memories results in a dampened cortisol rise along with greater engagement of the vlPFC during positive recollection suggests that the ability to engage cortical regions involved in emotion regulation may be important for combating stress. To explore this idea, we first conducted a psychophysiological interaction (PPI) analysis to identify neural regions that were functionally connected to the prefrontal cortex as a function of subjective feelings during positive memory recollection. We defined our vlPFC seed regions bilaterally based on our previous analyses, which showed this region to be prominently activated in the stress-positive group during memory recall and in comparison with the stress-neutral group. For both seed regions, we performed a random-effects whole brain analysis for the parametric modulation of feeling ratings during recall for stress-positive individuals (using an initial threshold of P < 0.001 and the same cluster correction described previously). Our PPI analysis with the right vlPFC seed (x, y, z: 35, 22, − 3) revealed the left dlPFC (x, y, z: − 46, 22, 18) to be exhibiting greater connectivity (as a function of increasing feeling ratings) for the stress-positive group ( Fig. 5b and Supplementary Table 3 ). The left vlPFC seed region yielded no target regions that reached statistical significance. To examine the relationship between functional connectivity and the physiological stress response, we tested for correlation between our PPI parameter estimates (indexing the degree of connectivity between vlPFC and dlPFC as a function of feeling ratings) and cortisol in stress-positive individuals. Although approaching significance, the association between greater vlPFC-dlPFC connectivity and lower AUC I cortisol levels was not significant (r 21 = − 0.35, P = 0.11). Taken together, our fMRI results provide converging evidence that engagement of cortical regions previously linked to emotion regulatory functions may be significant for enhancing or sustaining pleasant feelings during positive reminiscence, and thus dampening the physiological stress response.
Discussion
Acute stress elicits negative emotion 1 , lessens our ability to use cognitive emotion regulation 3 , diminishes responsiveness to rewards 29 , and is often a precursor to anxiety and depressive episodes 14 , making it imperative to identify effective strategies for reducing stress. Across two studies, our results have shown that reminiscing about positive, but not neutral, memories buffers the physiological and emotional consequences of acute stress. Individuals who recalled positive memories showed a dampened rise in cortisol and reported lower levels of negative affect 20 min after stress exposure, resembling the non-stressed control groups. In contrast, recalling neutral memories under stress resulted in a heightened cortisol rise, which is typical of the acute stress response 10 . Recalling positive memories also served to enhance mood despite stress exposure, but only for individuals with greater self-reported resiliency. For stresspositive individuals but not stress-neutral individuals, we observed greater activity in regions previously implicated in emotion regulation (for example, the vlPFC) and reward processing (for example, the striatum) based on a parametric modulation of emotion ratings during memory recall. We also observed greater vlPFC-dlPFC connectivity as a function of increasing positive emotion. Our results underscore the restorative and protective function of self-generated positive emotions in the face of stress.
The finding that positive memory retrieval restored stressinduced deficits, such as alleviating negative affect and calming the physiological stress response (for instance, HPA axis), might suggest a role for recalling positive (but not neutral) memories in motivating a more positive perspective that interrupts the ongoing . The experience of positive emotion over time helps build psychological resources for adaptive coping, making it more likely that positive emotions will continue to be experienced in the future, and is perhaps a potential mechanism by which resiliency is built 30 . Notably, we observed that greater resiliency was associated with additional protective benefits for those who were given the opportunity to recall positive memories. This is consistent with research linking high resiliency to better adaptability to stress, such as faster cardiovascular recovery, more efficient and successful emotion regulation and greater positive meaning finding 30, 31 . Our fMRI results highlight the significant relationship between experiencing positive emotion, greater engagement of prefrontal regions involved in emotion regulation, and lower cortisol after stress exposure. Acute stress is well known to compromise the prefrontal cortex in humans 4 , impairing self-regulation 32 , cognitive control and task-relevant processing 33 , which diminishes our ability to adapt to the environment. Consistent with this, we did not observe prefrontal activity (vlPFC or dlPFC) in stress-neutral individuals (for instance, those with higher cortisol responses). Although this null result should be treated with caution, it is noteworthy that these same regions were spared in stress-positive individuals (for instance, those with lower cortisol responses), and the strength of their connectivity increased as a function of positivity. In light of this observation, we speculate that the effective use of memory recall to enhance positive emotion may serve emotion regulatory functions under stress. While it is possible that recruitment of prefrontal activity in the stress-positive group is due to more general cognitive control functioning, such as controlled memory retrieval 34 , both groups underwent a recall procedure, thus supporting a more emotionally driven explanation for prefrontal engagement and suggesting a potential mechanism by which positive memory recall may contribute to stress dampening.
The vlPFC and dlPFC are thought to play pivotal yet distinct roles in successful emotion regulation, particularly cognitive reappraisal 17, 20 . For example, a recent meta-analysis revealed that both regions were significantly activated across 48 studies examining cognitive reappraisal of primarily negative emotional stimuli 17 . The dlPFC may aid such processes as working memory and cognitive flexibility, including manipulating mental representations of affective states to regulate emotion, whereas the vlPFC may serve response selection and inhibitory functions 35 and is also linked to the cognitive control of memory 34 . Consistent with previous work 36 , one possibility in our study is that the vlPFC attempts to override negative appraisals during memory retrieval, while the dlPFC helps flexibly change one's emotional state. Previous studies have also shown an association between greater vlPFC activity and either decreased amygdala activity or increased reward-related activity (for example, in the striatum) to successfully regulate emotion 24 . Although we did not observe this in the present study, the link between different cortical regions and the striatum underlying regulation of positive mood 9 , particularly with respect to stress, is an important future inquiry.
It is worth considering how the strategy of savouring positive memories to combat stress relates to other emotion regulation strategies. Mindfulness meditation has been shown to reduce stress and promote wellbeing through the non-judgemental practice of selfawareness in the present moment 37 . Yet, physiological changes after mindfulness training are mixed, as some studies show decreased cortisol whereas others show either an increase or no change (for a review see ref. 
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it is difficult to speculate given the paucity of studies thus far. The core idea of mindfulness-to focus on the present rather than the past or future-may seem at odds with the strategy we propose. However, savouring the past involves deliberate attention to an enjoyable experience with the aim of cultivating positive emotions, which is distinctly different from ruminating about past negative events-a characteristic of depression. Much like mindfulness, recalling positive memories motivates a broader perspective, and perhaps directs attention away from the current stressor in favour of something more positive or relaxing. This is in contrast to strategies that focus on reinterpreting the stressor as a way to diminish its meaning 2 , which may be less effective under stress 3 . Other strategies that may buffer stress via positive emotion include high self-esteem, receiving social support or positive feedback, and affirming personal values 39 . However, these strategies depend on situational or personality characteristics, leaving their efficacy in alleviating stress in everyday life unclear.
Our findings have broad implications for better understanding the stress response in the context of mood disorders. For instance, individuals with depression not only have difficulty retrieving positive memories 40 , but are also sensitive to the effects of stress. That is, they have difficulty regulating negative emotion 41 , report lower levels of resilience and have higher cortisol levels during recovery from stress 42 , suggesting a critical need for understanding positive emotion deficits in depression. Unsurprisingly, one aim of behavioural activation therapy for depression is identifying and re-engaging in positive activities that reinforce and enhance wellbeing, including positive reminiscence 43, 44 . Consistent with this idea, a recent study showed that optogenetically reactivating neural circuits associated with positive experiences in rodents can lessen depression-like behaviours caused by stress 45 , providing complementary evidence that thinking about the past in a positive light can recruit rewardrelated neural circuits in humans 7 and serve as a potentially effective way to reduce stress. In the present study, we also found that stressed individuals who recalled positive memories had a greater increase in ventral striatum activity as a function of increasing positive feelings (see Fig. 5a ), as well as for high relative to low feeling memories compared with those who recalled neutral memories under stress (see Supplementary Fig. 3 and Supplementary Table 4) . Thus, corticostriatal circuits recruited during reminiscing about positive memories are involved in increases in positive emotion that are linked to coping with stress. This corroborates previous work showing that individuals with lower daily cortisol output tend to be happier 46 and exhibit greater sustained neural activity as a response to positive stimuli in the striatum 47 . Our approach extends these findings by demonstrating that we can use something we already do naturally-recalling the positive past-to buffer the detrimental effects of acute stress in the present moment.
There are some considerations relating to our study that warrant mention. First, our results showed dampening of the acute stress response, but cannot necessarily indicate the effectiveness of this strategy for different stress levels. Recurrent heightened levels of cortisol observed in chronic stress can be detrimental, for instance, by suppressing the immune system, increasing susceptibility to disease 48 , and resulting in atrophy and reduced neurogenesis in the hippocampus-a region where memory processing and storage occurs 49 . Thus, it may be useful to investigate whether increasing positive emotions can help build psychological resources to cope with chronic stress. Second, positive memory retrieval may not be effective for everyone. There may be individual differences leading some individuals; for example, those with depression, to have fewer, less detailed or less vivid positive memories, or general difficulty in recalling their past. This may be especially challenging for individuals who are more susceptible to stress (for instance, those who are less resilient). Although the present study establishes positive recall as an effective stress-buffering strategy in a healthy population, it will be essential to test whether stress-vulnerable individuals are able to self-generate positive memories after stress exposure and to assess the efficacy of this strategy in sustaining reductions in negative affect and neuroendocrine responses, especially under less resilience.
It is also important to consider alternative accounts for our findings. One possibility is that greater interest, engagement or even distraction during positive, relative to neutral, recall may explain cortisol differences. Yet, we found this not to be the case (as measured by vividness ratings and recall duration; see Supplementary Results). There is also evidence to suggest that distraction alone does not lead to stress dampening, as stressed participants who perform highly distracting working memory tasks still exhibit the typical cortisol rise 11 . Additionally, given that all participants recalled past experiences to elicit positive emotion, it is unclear whether other strategies aimed at increasing positive emotion would also be effective. For instance, positive feelings may be enhanced by engaging in positive mental time travel to the future 50 . Another such strategy is the use of positive imagery, which may be effective for mitigating pain 51 . However, in a previous study, we found positive imagery to be less effective than positive memory retrieval in enhancing mood 7 , which may be vital for reducing stress. Finally, while our focus was to examine the stress-buffering nature of positive reminiscence, it is also important to note that stress can be beneficial in certain contexts. Specifically, stress hormones, such as cortisol, exhibit an inverted U-shaped response curve, such that extreme levels (both low and high), but not moderate levels, impair cognitive performance, including memory 52, 53 . Such cortisol effects on performance can further depend on age 54, 55 , exposure to novelty 56 and the presence of other hormones, such as oxytocin. Oxytocin, for instance, may have been a positive mediator in the present study given its role in modulating fear and anxiety 57 . While beyond the 
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scope of the present study, future work could explore the role of varying levels of cortisol and other stress-modulating hormones on the emotion regulatory function of positive recall. Although stress can be adaptive for learning and cognitive performance 58 , sometimes our stress response (for example, panic attack) is out of proportion to the stressor (for example, studying for a test), compromising our ability to use the cognitive emotion regulation skills we already know 3 . Our results highlight a more proactive way to alleviate stress. Rather than attempting to decrease negative feelings or deliberately reinterpret the meaning of a stressful experience, which may be effective in only certain contexts or for particular individuals 59 , one might focus on increasing positive feelings instead. We demonstrate that this can be done with a strategy-recalling pleasant memories-that is unrelated to the stressor. When uncontrolled, psychological stress can drive us far from a desirable state, enhancing positive feelings by reminiscing about the past may be one way to bring us back.
Methods
Behavioural study. Participants. Healthy undergraduate students (n = 149) at Rutgers University completed day 1 and returned for day 2 only if they met the inclusion criteria (see day 1 procedures; 139 met the criteria). Additional exclusions included not following directions (< 50% responses; n = 2) and extreme cortisol responses (> 3 s.d. from the mean; n = 3). Participants from the final sample (n = 134, 44 males, mean age: 20.8, s.d. = 4.2) were randomly assigned to four experimental groups: stress-neutral (n = 34), control-neutral (n = 34), stress-positive (n = 33) and control-positive (n = 33). We chose 35 participants per group as our target sample size to attain an effect size comparable to previous stress studies, which typically had a between-subjects design with 30 to 35 participants per group 3 . Participants gave informed consent in accordance with the Rutgers University Institutional Review Board for the Protection of Human Subjects in Research and received course credit for their participation.
Experimental design. Autobiographical memory questionnaire (day 1).
Participants were presented with 84 common life event cues (for example, family vacation). For each cue, participants selected a real memory they had been personally involved with, and which had occurred at a specific place and time. Participants then reported a description, location and date, and gave subjective ratings for valence (positive or neutral), emotional intensity (for instance, how intense the memory was on a scale of 1 to 4: 1 = not intense; 4 = very intense) and feeling (for instance, how they felt when they recalled this memory on a scale of 1 to 4: 1 = neither good nor bad; 4 = very good). Importantly, memories were positive (for example, visiting Disneyland) or neutral (for example, packing for a trip), but not negative (for example, lost luggage).
Only participants who reported at least 24 positive or 24 neutral memories (depending on random assignment) returned for day 2. For each participant, the 24 most positive (or neutral) cues were used in the memory recall task on day 2. Participants also completed the Connor-Davidson resiliency scale 60 and the Beck depression inventory 61 .
Stress induction and memory recall (day 2).
The second session (three days later) was run between 13:00 and 17:30 to account for diurnal variations in cortisol levels 10 . Participants were informed of the stress procedure and notified that they could withdraw from the experiment at any time. Day 2 included: (1) salivary cortisol collection s1, (2) stress induction or control procedure, (3) a pre-task mood assessment, (4) a cued recall autobiographical memory task of either only positive memories or only neutral memories, (5) a post-task mood assessment, (6) salivary cortisol collection s2, (7) cognitive tasks and (8) salivary cortisol collection s3 (Fig. 1) .
Stress induction. We used the SECPT 19 for induction of acute stress. Stressed participants were videotaped while immersing their hand in ice-cold water (1-3 °C) for 2 min. The experimenter, who was dressed in a white lab coat, recorded the participant and acted neutral. Participants were told that the recording would be used for further analysis after the session. The control task was identical except that participants immersed their hand in warm water (23-25 °C) , there was no video camera, and no lab coat. Afterwards, participants rated how unpleasant, stressful and painful it was ranging from 0 (not at all) to 100 (very much). The sum of these three ratings created a subjective stress rating.
Neuroendocrine measurement and analysis. To assess cortisol concentrations, salivary samples were collected using a swab placed under the tongue for 2 min. Swabs were kept in cold storage at − 10 °C until they were sent to Salimetrics Laboratory for duplicate biochemical assay analysis. To assess cortisol change over time, we calculated the area under the curve with respect to increases from baseline (AUC I ) for each participant using the trapezoidal method.
To assess sympathetic nervous system arousal, we measured skin conductance via electrodes placed on the participants' fingers, sampled at 200 Hz using an MP100 Data Acquisition Module (Biopac Systems). During the 2 min SECPT/control procedure, SCLs were measured as the mean tonic activity. During the memory task, SCRs were assessed via the sum of trough-to-peak waveform amplitude responses (in microsiemens, μ S) across all trials (0.5 to 14.5 s window; square-root transformed). Responses lower than 0.02 μ S were recorded as zero. Data were preprocessed by low-pass filtering (25 Hz cut-off) and mean-value smoothing using a three-sample window.
Autobiographical recall task. Participants first reported their current mood state via the PANAS 22 . Then, they completed a cued recall autobiographical memory task, during which they reminisced about 24 positive memories (positive groups) or 24 neutral memories (neutral groups) triggered by event cues from their day 1 questionnaire. Each trial included one written event cue displayed for 14 s. Participants recalled the same memory from Day 1 and elaborated on it until the 14 s were up. Participants made button presses to indicate the 'beginning' (for instance, when it began to form) and 'end' of their memory (if they finished elaborating before time was up). After a delay of 2 to 4 s, participants rated the memory for emotional intensity and feeling (3.5 s each). The length of one trial was 24 s, with a delay of 6 to 10 s separating one trial from the next. Afterwards, participants rated their post-recall mood state via the PANAS. We did not assess mood before the stressor, because we assumed baseline mood levels would be similar across groups, given random assignment.
Behavioural analysis. Group differences in subjective stress ratings, SCLs/SCRs, AUC I cortisol response, autobiographical memory task performance and mood were tested using condition (stress/control) by valence (positive/neutral) ANOVAs. We included demographic variables as covariates in our analyses, such as age, depressive symptoms (Beck depression inventory), resiliency (Connor-Davidson resiliency scale), gender and menstrual cycle phase (collected for 64 out of 90 female participants: luteal phase = 40; follicular phase = 24). None of these factors significantly impacted the results. Experimental design. Autobiographical memory questionnaire (day 1). This session was identical to the behavioural study.
Stress induction and fMRI scanning (day 2).
Participants returned for the second session two to four days after the first. Day 2 included: (1) salivary cortisol collection s1 (baseline), (2) stress induction via the SECPT in the scanning environment, (3) salivary cortisol collection s2, (4) set-up in the scanner, (5) a pre-task mood assessment, (6) a cued recall autobiographical memory task of either only positive memories or only neutral memories, (7) a post-task mood assessment, (8) salivary cortisol collection s3 (+ 24 min, peak), (9) a reward task and (10) salivary cortisol collection s4 (+ 58 min, recovery; Supplementary Fig. 2) .
We used the same memory recall task as described previously for the behavioural design (24 positive or 24 neutral memories depending on group assignment). Cortisol collection and SECPT administration were identical to the behavioural study with minor changes to enable compatibility with the fMRI scanner environment. For instance, all cortisol samples were collected while the participant was in the scanner room. To allow for the participant to acclimatise to the scanner environment and for salivary cortisol to stabilise, the baseline sample (s1) was collected 30 min after the participant arrived and 10 min after they had entered the scanner room. The peak cortisol response (s3) was the only sample collected while the participant was in the scanner because it occurred between runs of the memory task and the reward task. While the fMRI design had an additional cortisol sample (as described above), which was included in this analysis, it is important to note that this sample did not differ from the baseline cortisol measurement (taken 2 min earlier; P = 0.525) given the slow nature of cortisol release after stress exposure (10-15 min) 10 . For our stress protocol (the SECPT), participants immersed their hand in ice-cold water (1-3 °C) for 2 min while sitting in the scanner room. The experimenter, who was dressed in a white lab coat, videotaped the participant from the doorway. Consistent with the behavioural study, we collected SCRs during the SECPT and subjective stress ratings after.
We also asked participants to perform a surprise monetary reward task (the card-guessing game adapted from ref. 62 ) while still in the scanner. This task was a surprise so as not to influence the previous memory task and mood ratings. The purpose was to identify reward-related regions of interest (ROIs) to serve as independent ROIs to test with high and low feeling memory regressors across groups. In each trial of the card task, participants saw a card with a question mark NATURE HUMAN BEHAVIOUR 1, 0093 (2017) | DOI: 10.1038/s41562-017-0093 | www.nature.com/nhumbehav ARTICLES NATURE HUMAN BEHAVIOUR inside for 2 s. They guessed whether the card's value was higher or lower than the number 5 via a button press. After a 2 to 4 s delay, the card and monetary outcome were displayed for 2 s. A correct response earned a green checkmark, signifying a gain of $1.00, whereas an incorrect response earned a red X, signifying a loss of $0.50. Unbeknown to participants, outcomes were predetermined to control schedule of reinforcement and number of gain and loss trials (20 each for a total of 40 trials). A trial lasted 9 s, with a delay of 4 to 6 s separating one trial from the next.
At the conclusion of the scanning session, participants were debriefed, and compensated for their time in the scanner and any bonus money earned in the card game. , echo spacing = 0.51). Data were preprocessed and analysed using BrainVoyager QX (v2.8; Brain Innovation). Functional images were motion corrected (six parameters), slice timing corrected using a cubic spline interpolation, and spatially smoothed using a Gaussian kernel of 4 mm full width at half maximum. The data were temporally smoothed with voxelwise linear detrending and high-pass filtering of frequencies (three cycles per time course), and the images were spatially normalised to the Talairach stereotaxic space 63 . fMRI data analysis. Functional data were analysed using a whole brain random effects GLM. The memory task was modelled using a regressor for memory recall, a parametric regressor for subjective feeling ratings during memory recall (orthogonalised with respect to the memory regressor) and a regressor representing missed trials (for instance, no valence rating given for the memory; 1.6% missed trials). The memory regressor and feeling parametric regressor began at memory formation and ended after elaboration, with this period defined by participants' own button presses in each trial (for onset and conclusion of memory recall). We performed three analyses. First, we examined the parametric modulation of feeling in each group separately, and then as a contrast of stress-positive greater than stress-neutral to examine group differences in neural activity as a function of subjective feeling ratings during memory recollection. This allowed us to test for regions where activity increased linearly as feeling ratings increased on a trial-by-trial basis for each of these analyses.
The monetary reward task was modelled using two regressors representing gain and loss trials during the 2 s outcome phase, along with a regressor representing missed trials (no response). We conducted a contrast of gain and loss outcomes to identify reward-related ROIs. Using the functionally defined reward ROIs in the striatum, we then ran a GLM using high (rating of 3 or 4) and low (rating of 1 or 2) feeling memory regressors. The goal of this analysis was to confirm that a 'reward-related' functionally defined ROI would show an independent effect of high versus low feeling during memory recall for the stress-positive group relative to the stress-neutral group.
For both the memory and monetary reward tasks, regressors were convolved with a canonical double-gamma haemodynamic response function, and six regressors for motion parameters were included in the model. To correct for multiple comparisons, we used the cluster-level statistical threshold plugin in Brain Voyager 26 . This plugin employs Monte Carlo simulations to determine the likelihood that observed clusters of activation are significant and not false positives (over 1,000 iterations), resulting in a whole brain corrected threshold of P < 0.01. After correction, the map automatically applies the minimum cluster size threshold that produces the desired cluster-level false-positive alpha rate (1% was chosen). For the memory task, we applied a voxel cluster threshold of eight contiguous voxels (216 mm 3 as determined by the plugin) defined at a threshold of P < 0.001 to obtain a corrected alpha < 0.01. Because our goal for the monetary reward task was to simply identify independent ROIs, we applied a more stringent initial threshold of P < 0.000001 (which required a voxel cluster threshold of one voxel, 27 mm 3 , to obtain a corrected alpha < 0.01).
Psychophysiological interaction analysis.
To identify neural regions that were functionally connected to the cortical regions identified in our main contrast of memory recall as a function of subject feeling ratings during positive memory recollection, we conducted an exploratory PPI analysis. We chose our prefrontal cortex seed regions based on our parametric modulation of feeling during memory recollection (for example, right and left vlPFC). The regressor of interest-the PPI interaction term-was created by calculating the element-by-element product of the seed region time series (physiological factor) and trial-by-trial subjective feeling ratings (psychological factor) during the memory recollection task. Each PPI model included regressors for the interaction term (psychophysiological factor), the time series of the seed region (physiological factor) and trial-by-trial subjective feeling ratings (psychological factor). For each subject, we extracted volumes of interest to use as seeds in single-subject whole-brain PPI analyses.
These were then combined into a group level model for performing a random effects whole brain analysis to identify regions exhibiting connectivity with the seed region. To correct for multiple comparisons, we set an initial threshold of P < 0.001 and applied a cluster correction of eight contiguous voxels (216 mm 3 ) to obtain a corrected alpha < 0.01.
Data availability.
The data that support the findings of this study are available from the corresponding author upon reasonable request.
